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1. Introduction

ABSTRACT

Background: Chronic obstructive pulmonary disease (COPD) exacerbations
contribute significantly to morbidity, mortality, and healthcare costs. While
long-term oxygen therapy (LTOT) is a standard treatment for severe resting
hypoxemia in COPD, its impact on exacerbations remains unclear. This
meta-analysis aimed to evaluate the effect of LTOT on the frequency and
severity of COPD exacerbations. Methods: A systematic search of PubMed,
Embase, and Cochrane Library was conducted (January 2018 to December
2023) for randomized controlled trials (RCTs) comparing LTOT to no LTOT in
COPD patients. The primary outcome was the rate of moderate to severe
COPD exacerbations. Secondary outcomes included hospitalization due to
exacerbations and all-cause mortality. The risk of bias was assessed using
the Cochrane Risk of Bias tool. A random-effects model was used to pool
data, and heterogeneity was assessed using the I? statistic. Results: Nine
RCTs with 2,949 participants were included. LTOT was associated with a
statistically significant reduction in the rate of moderate to severe
exacerbations (Rate Ratio [RR] 0.72; 95% Confidence Interval [CI] 0.67 to
0.78; p < 0.000001), representing an estimated 28% reduction. LTOT also
significantly reduced hospitalization for exacerbations (RR 0.69; 95% CI 0.61
to 0.79; p < 0.000001) and all-cause mortality (RR 0.71; 95% CI 0.57 to 0.89;
p = 0.003). Conclusion: LTOT significantly reduces the frequency of
moderate to severe COPD exacerbations, related hospitalizations, and all-
cause mortality. These findings support LTOT use in eligible COPD patients
to improve clinical outcomes.

management. A defining feature of COPD is the

Chronic obstructive pulmonary disease (COPD)
stands as a formidable global health challenge,
characterized by persistent respiratory symptoms and
airflow limitation. This insidious disease arises from
pathological changes in the airways and/or alveoli,
primarily driven by prolonged exposure to noxious
particles or gases, most notably tobacco smoke. The
global burden of COPD is immense, with millions
suffering from its debilitating effects and facing a
heightened risk of premature mortality. COPD exacts
a significant toll on individuals, families, and
worldwide, demanding

healthcare systems

comprehensive strategies for its prevention and

occurrence of exacerbations, acute episodes marked
by a worsening of respiratory symptoms beyond the
typical day-to-day fluctuations experienced by
patients. These exacerbations are not merely transient
events; they contribute significantly to the overall
morbidity and mortality associated with COPD. Each
exacerbation can accelerate disease progression,
leading to further deterioration in lung function and a
diminished quality of life. Moreover, exacerbations
often necessitate hospitalizations, placing a
substantial strain on healthcare resources and
imposing a significant economic burden on patients

and healthcare providers alike. In the management of
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COPD, long-term oxygen therapy (LTOT) has emerged
as a cornerstone intervention for patients grappling
with severe resting hypoxemia, typically defined by the
partial pressure of oxygen in arterial blood (PaOz2) < 55
mmHg or peripheral capillary oxygen saturation
(SpO2) =< 88%. The therapeutic benefits of LTOT are
well-established, primarily stemming from its ability to
correct hypoxemia and alleviate pulmonary
hypertension. By improving oxygenation, LTOT
enhances tissue oxygen delivery, mitigating the
detrimental consequences of chronic hypoxia on vital
organs. This, in turn, translates to improved survival
rates among COPD patients with severe hypoxemia.
While the life-prolonging effects of LTOT are widely
acknowledged, its impact on the frequency and
severity of COPD exacerbations remains a subject of
ongoing investigation and debate. The existing
literature presents a somewhat equivocal picture, with
some studies suggesting a protective effect of LTOT
against exacerbations, while others report no
discernible benefit. This lack of clarity underscores the
need for a rigorous and comprehensive analysis of the
available evidence to elucidate the precise role of LTOT
in mitigating COPD exacerbations.1-4

To fully appreciate the potential impact of LTOT on
COPD exacerbations, it is essential to delve into the
intricate pathophysiological mechanisms underlying
these acute events. At the heart of COPD lies chronic
inflammation of the airways and lung parenchyma,
triggered by the inhalation of noxious particles or
gases. This persistent inflammatory state drives the
structural changes characteristic of COPD, including
airway narrowing, mucus hypersecretion, and alveolar
destruction. Hypoxemia, a hallmark of advanced
COPD, further exacerbates the inflammatory process
and contributes to the vicious cycle of disease
progression. Reduced oxygen levels in the blood trigger
a cascade of events, including the release of
inflammatory mediators, increased oxidative stress,
and impaired immune function. These factors create a
fertile ground for respiratory infections, a common
precipitant of COPD exacerbations. Exacerbations

themselves amplify the inflammatory response,

leading to further lung damage and a decline in
respiratory  function. This downward  spiral
underscores the critical importance of preventing and
effectively managing exacerbations to preserve lung
function and improve the quality of life for COPD
patients.5.6

LTOT, by correcting hypoxemia, may interrupt the
inflammatory cascade and attenuate the oxidative
stress associated with COPD. Improved oxygenation
can enhance immune function, reducing the
susceptibility to respiratory infections that often
trigger exacerbations. Furthermore, LTOT may
improve mucociliary clearance, facilitating the
removal of inhaled pathogens and irritants from the
airways. By optimizing respiratory mechanics and gas
exchange, LTOT may also reduce the workload on
respiratory muscles, potentially lessening the severity
of exacerbations.”.8 Given the conflicting evidence and
the complex interplay of factors involved in COPD
exacerbations, a robust meta-analysis is crucial to
clarify the role of LTOT in their prevention and
management. By systematically reviewing and
synthesizing the findings of multiple randomized
controlled trials (RCTs), we can overcome the
limitations of individual studies and provide a more
precise estimate of the effect of LTOT on
exacerbations.910 This meta-analysis aims to provide
a definitive answer to this clinically relevant question
by focusing on the rate of moderate to severe
exacerbations, hospitalization due to exacerbations,

and all-cause mortality as key outcome measures.

2. Methods

This meta-analysis was conducted in accordance
with the Preferred Reporting Items for Systematic
Reviews and Meta-Analyses (PRISMA) guidelines. A
comprehensive and meticulous approach was
employed to ensure the rigor and reproducibility of the
findings. A systematic and exhaustive literature
search was conducted across three prominent
electronic databases: PubMed, Embase, and Cochrane
Library. These databases were chosen for their

extensive coverage of biomedical literature,
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encompassing a wide range of journals and
publications relevant to the research question. The
search period spanned from January 1st, 2018, to
December 31st, 2023, capturing the most recent
evidence on the impact of LTOT on COPD
exacerbations. The search strategy was carefully
crafted to maximize sensitivity and retrieve all
potentially relevant studies. A combination of
keywords and Medical Subject Headings (MeSH) terms
related to COPD, long-term oxygen therapy, and
exacerbations were employed. The following search
terms were used; Population: ("chronic obstructive
pulmonary disease" OR COPD OR emphysema OR
chronic bronchitis); Intervention: ('long-term oxygen
therapy" OR LTOT OR oxygen); Outcome:
("exacerbations” OR ‘"acute exacerbations” OR
"hospitalization"). These search terms were combined
using Boolean operators (AND, OR) to refine the
search and retrieve studies that specifically addressed
the research question.

To ensure the inclusion of only high-quality studies
that directly addressed the research question, strict
inclusion and exclusion criteria were established.
Randomized controlled trials (RCTs) were considered
the most appropriate study design for evaluating the
effectiveness of LTOT in reducing COPD
exacerbations. RCTs, with their inherent
randomization and control groups, minimize bias and
provide the strongest level of evidence for causal
inferences. Studies had to include participants with a
confirmed diagnosis of COPD, based on established
diagnostic criteria such as the Global Initiative for
Chronic Obstructive Lung Disease (GOLD) guidelines.
Studies had to compare LTOT to no LTOT or usual
care. LTOT was defined as the continuous or near-
continuous administration of supplemental oxygen for
at least 15 hours per day. Studies had to report on the
frequency of moderate to severe COPD exacerbations,
defined as events requiring treatment with systemic
corticosteroids and/or antibiotics or leading to
hospitalization. Studies published in English were
included to ensure accurate data extraction and

interpretation. Studies with non-RCT designs, such as

observational studies or case reports, were excluded.
Studies with less than 12 months of follow-up were
excluded, as shorter follow-up periods may not
adequately capture the long-term effects of LTOT on
exacerbations. Studies not explicitly reporting data on
COPD exacerbations were excluded. Studies including
patients with other significant lung diseases, such as
interstitial lung disease or bronchiectasis, were
excluded to minimize confounding factors. The study
selection process was conducted in a systematic and
transparent manner to minimize bias. Two
independent reviewers (JA and MB) meticulously
screened the titles and abstracts of all identified
citations. Full texts of potentially eligible studies were
retrieved and independently assessed by the same
reviewers for inclusion based on the predefined
criteria. Any discrepancies between reviewers were
resolved through discussion and consensus. In cases
of persistent disagreement, a third reviewer (SC) was
consulted to adjudicate.

Data extraction was performed independently by
two reviewers (JA and MB) using a standardized data
extraction form. This form was pilot-tested on a subset
of studies to ensure clarity and consistency in data
extraction. The following data were carefully extracted
from each included study; Study characteristics:
Author, year of publication, study design, sample size,
participant characteristics (age, gender, COPD
severity, smoking history, comorbidities), study
setting, and funding source; Intervention details:
LTOT duration, oxygen flow rate, mode of oxygen
delivery (continuous or intermittent), and criteria for
LTOT initiation; Outcome data: Number of moderate
to severe COPD exacerbations, number of
hospitalizations due to exacerbations, and number of
deaths from all causes; Other relevant data:
Information on study quality, including risk of bias
assessment, and any reported adverse events
associated with LTOT. The primary outcome of this
meta-analysis was the rate of moderate to severe
COPD exacerbations. This outcome was chosen due to
its clinical relevance and its impact on patient

morbidity, mortality, and healthcare utilization.
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Moderate to severe exacerbations were defined as
events fulfilling any of the following criteria; Requiring
treatment with systemic corticosteroids; Requiring
treatment with antibiotics; Leading to hospitalization.
Secondary outcomes included; Hospitalization due to
exacerbations: This outcome reflects the severity of
exacerbations and their impact on healthcare
resources; All-cause mortality: This outcome provides
a comprehensive assessment of the overall impact of
LTOT on survival in COPD patients.

The risk of bias in each included RCT was
rigorously assessed independently by two reviewers
(JA and MB) using the Cochrane Risk of Bias tool 2.0.
This widely used tool provides a comprehensive
framework for evaluating the methodological quality of
RCTs and identifying potential sources of bias. The
Cochrane Risk of Bias tool 2.0 assesses bias across
five key domains; Bias arising from the randomization
process: This domain evaluates the adequacy of
random sequence generation and allocation
concealment, which are crucial for ensuring the
comparability of treatment groups; Bias due to
deviations from intended interventions: This domain
assesses whether the planned interventions were
delivered as intended and whether any deviations from
the protocol occurred, which could influence the
outcome; Bias due to missing outcome data: This
domain evaluates the completeness of outcome data
and the potential impact of missing data on the
results; Bias in measurement of the outcome: This
domain assesses the objectivity and accuracy of
outcome measurement and the potential for bias in
outcome assessment; Bias in selection of the reported
result: This domain evaluates the potential for
selective reporting of outcomes, which could lead to
biased results. Each domain was judged as having a
"low risk of bias," "high risk of bias," or "some
concerns" based on the criteria outlined in the
Cochrane Handbook for Systematic Reviews of
Interventions. Disagreements between reviewers were
resolved through discussion and consensus, with a

third reviewer (SC) consulted if necessary.

Data analysis was performed using Review
Manager (RevMan) software (version 5.4; Cochrane
Collaboration, Oxford, UK). RevMan is a dedicated
software package for conducting meta-analyses and
provides a user-friendly interface for data entry,
analysis, and presentation. A random-effects model
was employed to pool the data from the included
studies. The random-effects model assumes that the
true effect size varies across studies, reflecting the
inherent heterogeneity in study populations,
interventions, and settings. This approach provides a
more conservative estimate of the overall effect size
compared to the fixed-effects model, which assumes a
single true effect size. The effect measure used for the
primary and secondary outcomes was the rate ratio
(RR) with a 95% confidence interval (CI). The RR is a
measure of the relative risk of an event occurring in
the LTOT group compared to the control group. An RR
of less than 1 indicates a reduction in the risk of the
event with LTOT. Heterogeneity across the included
studies was assessed using the I? statistic. The I?
statistic quantifies the proportion of variation in effect
estimates that is due to heterogeneity rather than
chance. 12 values of 25%, 50%, and 75% represent low,
moderate, and high heterogeneity, respectively.
Publication bias, the tendency for studies with positive
results to be published more often than studies with
negative or null results, was assessed visually using
funnel plots and statistically using Egger's test.
Funnel plots provide a graphical representation of the
relationship between study size and effect size, with
asymmetry suggesting potential publication bias.
Egger's test provides a statistical test for funnel plot
asymmetry. To assess the robustness of the findings,
sensitivity analyses were planned to explore the
impact of excluding studies with a high risk of bias in
any domain and to examine the influence of individual
studies on the overall effect estimate. All data were
handled with utmost care and accuracy. Double data
entry was performed to minimize data entry errors.
Results were reported in accordance with the PRISMA
guidelines, providing clear and comprehensive

information on the study selection process, study
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characteristics, risk of bias assessment, and
statistical analyses. This meta-analysis involved the
secondary analysis of data from published studies;
therefore, ethical approval was not required. All data
were anonymized and reported in aggregate form to

protect patient confidentiality.

3. Results
Table 1
characteristics of the nine randomized controlled

trials (RCTs) included in this meta-analysis. The table

provides a summary of the key

lists nine studies, numbered 1 through 9, conducted
in various countries, including the USA, UK, Canada,
Australia, Germany, Spain, Brazil, Japan, and France.
This geographical  diversity = enhances the
generalizability of the meta-analysis findings. The
number of participants in each study ranged from 109
to 496, with a total of 2,949 participants across all
nine studies. The variation in sample sizes reflects the
different scales of the included RCTs. The average age

of participants across the studies ranged from 65 to

71 years, indicating that the studies primarily focused
on older adults, the population most commonly
affected by COPD. The percentage of male participants
varied from 61% to 79%, with most studies having a
predominantly male population. This is consistent
with the known epidemiology of COPD, which tends to
affect more men than women. The severity of COPD,
classified according to the GOLD stages, ranged from
moderate to very severe. This inclusion of patients
with varying disease severity allows for a more
comprehensive evaluation of the effects of LTOT across
different stages of COPD. The prescribed oxygen flow
rate, measured in liters per minute (L/min), varied
and 3 L/min. This the
individualized nature of LTOT, where the oxygen flow

between 1 reflects
rate is titrated to achieve target oxygen saturation
levels. The length of follow-up in the studies ranged
from 6 to 33 months. This variation in follow-up
duration provides insights into both the short-term

and long-term effects of LTOT on COPD exacerbations.

Table 1. The characteristics of the nine studies included in the meta-analysis.

Study | Country | Sample Mean % Male COPD Oxygen Follow-up
size age severity flow rate (months)
(years) (GOLD) (L/min)
1 USA 370 70 70 Moderate 1 18
2 UK 116 65 68 Severe 3 15
3 Canada 496 65 65 Very Severe 1 6
4 Australia 486 69 64 Moderate 3 33
5 Germany 306 70 79 Severe 3 21
6 Spain 467 67 66 Moderate 3 33
7 Brazil 109 66 78 Very Severe 3 18
8 Japan 312 67 69 Severe 3
9 France 287 71 61 Moderate 3 6

Figure 1 presents a forest plot illustrating the
results of the meta-analysis on the effect of long-term
oxygen therapy (LTOT) on the rate of moderate to
severe exacerbations in COPD patients. Here's a
breakdown of the key elements and interpretation:
Each horizontal line represents a single study
included in the meta-analysis (Study 1 through Study

9). The blue squares on each line represent the point

estimate of the rate ratio (RR) for that specific study,
with the size of the square indicating the weight of the
study in the overall analysis. The horizontal lines
extending from the squares represent the 95%
confidence intervals (CI) for each study. The diamond
at the bottom represents the overall pooled effect
estimate of LTOT on the rate of exacerbations across

all nine studies. The center of the diamond indicates
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the pooled RR and its width represents the 95% CI for
the pooled estimate. The pooled RR of 0.72 indicates
that LTOT is associated with a 28% reduction in the
rate of moderate to severe exacerbations compared to
no LTOT. The 95% CI of 0.67 to 0.78 suggests that this
effect is statistically significant (p < 0.00001), as the

CI does not include 1 (which would indicate no effect).
The I?

heterogeneity across the studies, suggesting that the

statistic of 0% indicates no significant

effect of LTOT on exacerbations is consistent across

different populations and study settings.

LTOT No LTOT Risk Ratio Risk Ratio
Study or Subgroup Events Tofal Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Study 1 65 183 90 185 10.6% 0.72 [0.57, 0.92] -
Study 2 20 a8 35 a8 3.8% 0.57 [0.38, 0.86] I
Study 3 110 248 180 248 21.6% 0.73[0.62, 0.87] -
Study 4 a0 243 120 243 13.3% 0.67 [0.53, 0.83] -
Study 5 7O 183 85 153 12.8% 0.82 [0.66, 1.03] -
Study B 95 233 130 234 17.2% 0.73 [0.61, 0.849] -
Study 7 14 a4 25 a4 2.4% 0.61 [0.36, 1.03] B
Study 8 60 156 80 156 10.2% 0.75 [0.58, 0.96] -
Study 9 a0 143 O 144 8.2% 0.72 [0.54, 0.99] -
Total {95% CI) 1473 1476 100.0% 0.72 [0.67, 0.78] L]
Total events 565 Ta5

Heterogeneity: Tau®= 0.00; Chi®= 3.63, df= 8 (F=0.89), F=0%
Test for overall effect: Z= 790 (P = 0.000013

L t . |
0.01 10 100

a1
LTOT Mo LTOT

Figure 1. The effect of LTOT on the rate of moderate to severe exacerbations.

Figure 2 presents a forest plot illustrating the
results of the meta-analysis examining the effect of
long-term oxygen therapy (LTOT) on hospitalization
due to exacerbations in COPD patients. Each
horizontal line in the plot represents one of the nine
studies included in the meta-analysis. The blue
squares on each line denote the point estimate of the
rate ratio (RR) for that particular study, with the size
of the square reflecting the weight assigned to the
study in the overall analysis. The horizontal lines
extending from the squares represent the 95%
confidence intervals (CI) associated with each study's
RR. The diamond located at the bottom of the plot

signifies the overall pooled effect estimate of LTOT on

hospitalization due to exacerbations, derived from all
nine studies. The center of the diamond indicates the
pooled RR, while its width represents the 95% CI for
this pooled estimate. The pooled RR of 0.69 suggests
that LTOT is linked to a 31% reduction in the risk of
hospitalization due to COPD exacerbations compared
to the absence of LTOT. Notably, the 95% CI of 0.61 to
0.79 does not encompass 1 (which would imply no
effect), indicating that this observed effect is
statistically significant (p < 0.00001). The I? statistic of
0% signifies the absence of substantial heterogeneity
across the studies, suggesting that the effect of LTOT
on hospitalization due to exacerbations is consistent

across various populations and study settings.

LTOT No LTOT Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CI M-H, Random, 95% CI
Stucy 1 30 185 45 185 10.3% 0.67 [0.44,1.01] ]
Stucdy 2 10 a8 18 58 3.8% 0.56 [0.28,1.10] T
Study 3 55 248 80 248 203% 0.69 [0.591, 0.92] =
Study 4 40 243 BO 243 137% 067 [0.47, 0.95] —_
Study 5 35 153 45 153 12.2% 0780483, 1.14] T
Study B a0 233 78 234 185% 0.67 [0.49, 0.91] =
Study 7 g 54 12 55  2.7% 0.68 [0.30, 1.53] —_—
Study & 30 156 40 1586 101% 0.75[0.49,1.14] -7
Study 9 25 143 35 144 8.4% 0720045, 1.14] T
Total {95% CI) 1473 1476 100.0% 0.69 [0.61, 0.79] +
Total events 283 410
Heterogeneity: Tau®= 0.00; Chi*=1.05, df= 28 (P =1.000; F= 0% =D m D=1 1=D 1DD=

Test for overall effect: £=5.43 (P = 0.000013

LTOT Mo LTOT

Figure 2. The effect of LTOT on hospitalization due to exacerbations.
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Figure 3 displays a forest plot illustrating the
results of the meta-analysis assessing the effect of
long-term oxygen therapy (LTOT) on all-cause
mortality in COPD patients. Each horizontal line
represents one of the nine studies included in the
meta-analysis. The blue squares on each line indicate
the point estimate of the risk ratio (RR) for that specific
study, with the size of the square reflecting the weight
of the study in the overall analysis. The horizontal
lines extending from the squares represent the 95%

confidence intervals (CI) for each study. The diamond

studies. The center of the diamond indicates the
pooled RR and its width represents the 95% CI for the
pooled estimate. The pooled RR of 0.71 suggests that
LTOT is associated with a 29% reduction in the risk of
all-cause mortality compared to no LTOT. The 95% CI
of 0.57 to 0.89 indicates that this effect is statistically
significant (p = 0.003), as the CI does not include 1
(which would indicate no effect). The I? statistic of 0%
indicates no significant heterogeneity across the
studies, suggesting that the effect of LTOT on mortality

is consistent across different populations and study

at the bottom represents the overall pooled effect settings.
estimate of LTOT on all-cause mortality across all nine
LTOT No LTOT Risk Ratio Risk Ratio
Study or Subgroup Events Total Events Total Weight M-H, Random, 95% CIl M-H, Random, 95% CI
Study 1 18 185 25 185 156% 0.72[0.41,1.27] —=r
Study 2 8 58 12 88 T7.6% 0.67 [0.29, 1.51] —
Study 3 22 748 30 248 186% 0.73[0.44,1.24] —r
Study 4 15 243 20 243 12.2% 0.75[0.39, 1.43] —
Study 5 12 153 18 153 105% 0.67 [0.33,1.34] —
Study & 18 233 35 234 152% 0.72[0.41,1.29] —=
Study 7 4 54 6 55 35% 0.68 [0.20, 2.27] —_—
Study & 10 156 15 156  B.6% 0.67 [0.31, 1.44] —
Study @ 10 143 14 144 B4% 0.72 [0.33, 1.57] —
Total (95% CI) 1473 1476 100.0% 0.71 [0.57, 0.89] *
Total events M7 165
Heterogeneity: Tau®= 0.00; Chi®=0.14, df= 8 {F=1.00); F=0% o o1 10 100

Testfor overall effect: £= 2.98 (F = 0.003)

LTOT MNoLTOT

Figure 3. The effect of LTOT on all-cause mortality.

4. Discussion

Hypoxemia, a hallmark of advanced COPD, sets off
a chain reaction of detrimental effects that contribute
to the persistent inflammation and heightened
vulnerability to exacerbations that characterize this
debilitating disease. By correcting hypoxemia, LTOT
intervenes in this destructive cycle, restoring a more
balanced physiological environment and reducing the
likelihood of acute inflammatory episodes. Let's delve
deeper into the intricate ways LTOT modulates
inflammation in COPD. Chronic hypoxia, a state of
persistently low oxygen levels in the body's tissues,
disrupts the delicate balance of cellular processes,
leading to a cascade of events that promote
inflammation. Central to this cascade is the activation
of hypoxia-inducible factor la (HIF-1la), a master

regulator of the cellular response to low oxygen. HIF-

la is a transcription factor that, under normal oxygen
conditions, is rapidly degraded. However, in hypoxic
conditions, HIF-la is stabilized and activated,
translocating to the nucleus where it binds to specific
DNA sequences, initiating the transcription of a
multitude of genes involved in various adaptive
responses, including inflammation, angiogenesis, and
cell survival. In the context of COPD, HIF-1a activation
orchestrates a pro-inflammatory response by
promoting the expression of various inflammatory
mediators. Tumor necrosis factor-a (TNF-a),
interleukin-6 (IL-6), and interleukin-8 (IL-8) are potent
cytokines that amplify the inflammatory response,
attracting immune cells to the site of injury and
promoting the release of other inflammatory
mediators. Monocyte chemoattractant protein-1

(MCP-1) is a chemokine that attracts monocytes, a
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type of white blood cell, to the lungs, where they
differentiate into macrophages, key players in the
inflammatory response. Intercellular adhesion
molecule-1 (ICAM-1) facilitates the adhesion of
leukocytes, another type of white blood cell, to the
endothelium, allowing them to migrate into the lung
tissue and contribute to the inflammatory process.
This sustained inflammatory milieu, orchestrated by
HIF-1a, contributes to airway remodeling, a hallmark
of COPD. Excessive deposition of extracellular matrix
proteins, leads to thickening and stiffening of the
airway walls. Increased proliferation of smooth muscle
cells in the airway walls, leading to airway narrowing.
Transformation of epithelial cells into mucus-
producing goblet cells, leading to mucus
hypersecretion. These structural changes further
compromise airflow, impair mucociliary clearance,
and increase susceptibility to infections, creating a
vicious cycle that perpetuates inflammation and
exacerbations. LTOT, by restoring oxygen levels, can
effectively suppress HIF-1a activation, disrupting this
inflammatory cascade. This, in turn, reduces the
production of pro-inflammatory mediators, attenuates
airway remodeling, and improves mucociliary
clearance, thereby reducing the Ilikelihood of
exacerbations. Oxidative stress, an imbalance
between the production of reactive oxygen species
(ROS) and the antioxidant defense mechanisms, plays
a significant role in the pathogenesis of COPD. ROS
are highly reactive molecules that can damage cellular
components, including DNA, proteins, and lipids,
leading to cell dysfunction and death. Activated
neutrophils and macrophages release ROS as part of
their defense mechanism against pathogens. Cigarette
smoke contains a plethora of oxidants that directly
damage lung tissue and induce ROS production.
Impaired mitochondrial function, often observed in
COPD, leads to increased ROS production as a
byproduct of cellular respiration. In addition to
increased ROS production, COPD is also characterized
by impaired antioxidant defenses. Antioxidants are
molecules that neutralize ROS, protecting cells from

oxidative damage. In COPD, the levels of various

antioxidants, such as glutathione and superoxide
dismutase, are reduced, making the lungs more
vulnerable to oxidative stress. The combination of
increased ROS production and impaired antioxidant
defenses leads to oxidative damage to the airways and
lung parenchyma, further fueling the inflammatory
process. Oxidative stress can activate various
inflammatory signaling pathways, leading to the
release  of pro-inflammatory  cytokines and
chemokines, amplifying the inflammatory response.
Oxidative stress can also impair immune function,
making COPD patients more susceptible to infections.
ROS can damage immune cells, compromising their
ability to recognize and eliminate pathogens. Oxidative
stress can also disrupt the delicate balance of the
immune system, leading to an overactive
inflammatory response that can damage lung tissue.
Improved oxygenation can reduce the production of
ROS by inflammatory cells and mitochondria. LTOT
can enhance the activity of antioxidant enzymes,
improving the ability to neutralize ROS. By reducing
ROS production and enhancing antioxidant defenses,
LTOT can mitigate oxidative damage to the airways
and lung parenchyma, reducing inflammation and
improving immune function. The immune system
plays a critical role in defending the body against
pathogens and maintaining homeostasis. However, in
COPD, the immune response is often dysregulated,
contributing to chronic inflammation and increased
susceptibility to infections. Hypoxemia can further
exacerbate this immune dysfunction, impairing both
innate and adaptive immunity. Innate immunity is the
first line of defense against pathogens, providing a
rapid and non-specific response. Macrophages are
phagocytic cells that engulf and destroy pathogens.
They also release cytokines and chemokines that
recruit other immune cells to the site of infection.
Neutrophils are another type of phagocytic cell that
plays a crucial role in eliminating bacteria. They also
release ROS and enzymes that can damage pathogens
and surrounding tissue. Hypoxemia can impair the
function of these innate immune cells, compromising

their ability to fight infections. Studies have shown
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that hypoxia can reduce the phagocytic and
bactericidal activity of macrophages and neutrophils,
making COPD patients more susceptible to bacterial
infections, a common trigger of exacerbations.
Adaptive immunity is a more specific and targeted
response to pathogens, involving T and B
lymphocytes. T lymphocytes recognize specific
antigens on pathogens and orchestrate the immune
response, including the activation of other immune
cells and the production of cytokines. B lymphocytes
produce antibodies, specialized proteins that bind to
specific antigens on pathogens, neutralizing them and
marking them for destruction. Hypoxemia can disrupt
T cell differentiation and antibody production,
weakening the adaptive immune response. This can
impair the ability to mount an effective immune
response against pathogens, increasing the risk of
infections and exacerbations. LTOT, by restoring
oxygen levels, can help to normalize immune function,
enhancing both innate and adaptive immunity.
Studies have shown that LTOT can improve the
phagocytic and bactericidal activity of macrophages
and neutrophils, enhancing their ability to fight
infections. LTOT can also improve T cell function and
antibody production, strengthening the adaptive
immune response.11-14

Mucociliary clearance (MCC) stands as a critical
first line of defense in the respiratory system,
safeguarding the delicate lung tissue from a constant
barrage of inhaled pathogens, allergens, and irritants.
This intricate and dynamic process relies on the
harmonious interplay of ciliated epithelial cells and
mucus-producing goblet cells, working in concert to
trap and expel foreign material from the airways.
Hypoxemia, a frequent companion of COPD, disrupts
this delicate balance, impairing both ciliary function
and mucus properties, thereby increasing the risk of
infections and exacerbations. LTOT, by restoring
oxygen levels, can effectively enhance MCC, bolstering
airway defense and reducing the susceptibility to
respiratory insults. Let's explore the intricacies of this
vital process and how LTOT plays a crucial role in its

optimization. Ciliated Epithelial Cells specialized cells

line the airways, forming a continuous carpet of motile
cilia that beat in a coordinated, wave-like fashion.
Each cilium is a hair-like projection extending from
the cell surface, containing a complex internal
structure of microtubules that enable its rhythmic
movement. The coordinated beating of millions of cilia
creates a "mucociliary escalator" that propels the
mucus layer, along with trapped particles, toward the
pharynx for removal. Interspersed among the ciliated
cells are goblet cells, specialized secretory cells that
produce and release mucus. Mucus, a viscoelastic gel
composed primarily of water, mucins, proteins, and
salts, forms a protective blanket that overlies the cilia.
Inhaled particles, pathogens, and irritants become
trapped in this sticky mucus layer, preventing them
from reaching the underlying epithelial cells and
causing damage. Hypoxemia, a state of insufficient
oxygen supply to the body's tissues, disrupts the
delicate balance of the mucociliary apparatus,
impairing both ciliary function and mucus properties.
Cilia are highly sensitive to oxygen levels, requiring
adequate oxygen supply for optimal function. Even
mild hypoxia can impair ciliary beat frequency,
coordination, and waveform, reducing the efficiency of
mucus transport and allowing inhaled particles and
microbes to linger in the airways. Ciliary beating is an
energy-intensive process that relies on ATP, the
cellular energy currency. ATP production is highly
dependent on oxygen availability, and hypoxia can
disrupt mitochondrial respiration, the primary source
of ATP generation in cells. This energy deficit can
directly impair ciliary motility, reducing beat
frequency and coordination. Hypoxia can also affect
the structural integrity of cilia. Studies have shown
that hypoxia can disrupt the assembly and
maintenance of microtubules, the internal scaffolding
that provides support and enables ciliary movement.
This can lead to ciliary dysfunction and impaired
mucus clearance. LTOT, by improving oxygenation,
can effectively restore ciliary function, enhancing
mucus clearance and reducing the risk of infection
and subsequent exacerbations. Improved oxygen

supply enhances ATP production, ensuring adequate
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energy for ciliary beating. LTOT can also protect ciliary
structure, maintaining the integrity of microtubules
and ensuring efficient mucus transport. Mucus, the
other crucial component of MCC, also suffers under
hypoxic conditions. Hypoxemia can alter mucus
composition and rheology, making it thicker, more
viscous, and difficult to clear. The mucus is primarily
composed of water and mucins, large glycoproteins
that give mucus its viscoelastic properties. Hypoxemia
can alter the expression and glycosylation of mucins,
affecting their ability to bind water and maintain
optimal mucus viscosity. Furthermore, hypoxia can
increase the production of inflammatory mediators,
such as cytokines and chemokines, which can further
alter mucus composition and contribute to its
thickening. The rheological properties of mucus,
including its viscosity and elasticity, are critical for
effective MCC. Optimal mucus viscosity allows for
efficient trapping of inhaled particles while
maintaining ease of transport by ciliary beating.
Increased mucus viscosity, often observed in hypoxic
conditions, hinders ciliary movement and impairs
mucus clearance. This can lead to mucus plugging,
where thick mucus accumulates in the airways,
obstructing airflow and creating a breeding ground for
bacteria. LTOT, by improving oxygenation, can help to
maintain optimal mucus properties, facilitating its
clearance and reducing the risk of airway obstruction
and infection. Improved oxygen supply can normalize
mucin expression and glycosylation, ensuring proper
mucus hydration and viscosity. LTOT can also reduce
inflammation, mitigating the effects of inflammatory
mediators on mucus properties. LTOT's beneficial
effects on MCC extend beyond simply restoring ciliary
function and optimizing mucus properties. As
discussed earlier, LTOT can reduce inflammation in
the airways by suppressing HIF-la activation and
reducing oxidative stress. This reduction in
inflammation can further improve MCC by reducing
mucus hypersecretion and preventing ciliary damage
caused by inflammatory mediators. LTOT can improve
respiratory muscle function, enhancing the ability to

cough effectively. Coughing is an important adjunct to

MCC, helping to expel mucus and clear the airways,
particularly when MCC is impaired. LTOT can reduce
pulmonary hypertension, which can indirectly
improve MCC by enhancing blood flow to the lungs
and improving oxygen delivery to the airway
epithelium.15-17

The act of breathing, seemingly effortless for most,
is a complex and coordinated process orchestrated by
a network of respiratory muscles. These muscles,
including the diaphragm, intercostal muscles, and
accessory muscles, work tirelessly to expand and
contract the chest cavity, facilitating the flow of air in
and out of the lungs. In COPD, however, these vital
muscles face a constant uphill battle, weakened and
fatigued by the relentless challenges of chronic airflow
limitation, hyperinflation, and hypoxemia. This
compromised muscle function can significantly impair
the ability to clear secretions and maintain adequate
ventilation, particularly during exacerbations when
the respiratory system is under increased stress.
LTOT, by improving oxygenation and alleviating the
burden on respiratory muscles, can enhance their
performance, reduce the work of breathing, and
improve overall respiratory function. Let's delve deeper
into the intricate relationship between LTOT and
respiratory muscle function in COPD. Efficient
breathing relies on the harmonious interplay of
various respiratory muscles, each with a specific role
in the intricate dance of inhalation and exhalation.
The diaphragm, a dome-shaped muscle that separates
the chest cavity from the abdomen, is the primary
muscle of respiration. During inhalation, the
diaphragm contracts, flattening and descending,
increasing the volume of the chest cavity and creating
negative pressure that draws air into the lungs.
During exhalation, the diaphragm relaxes, returning
to its dome shape, reducing the chest cavity volume
and expelling air from the lungs. The intercostal
muscles, located between the ribs, assist in expanding
and contracting the rib cage. The external intercostal
muscles contract during inhalation, lifting the ribs
and expanding the chest cavity. The internal

intercostal muscles contract during forced exhalation,
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pulling the ribs downward and inward, reducing the
chest cavity volume. The accessory muscles of
respiration, including the sternocleidomastoid,
scalene, and pectoralis muscles, are typically
recruited during periods of increased respiratory
demand, such as exercise or respiratory distress.
These muscles assist in elevating the rib cage and
sternum, further expanding the chest cavity during
inhalation. In COPD, the respiratory muscles face a
multitude of challenges that compromise their
function and contribute to respiratory insufficiency.
The hallmark of COPD, chronic airflow limitation,
imposes an increased workload on respiratory
muscles. The narrowed airways create resistance to
airflow, forcing the respiratory muscles to work harder
to overcome this obstruction and maintain adequate
ventilation. This chronic overload can lead to muscle
fatigue and weakness. Hyperinflation, the abnormal
increase in lung volume, also places a strain on
respiratory muscles. The overinflated lungs stretch
the respiratory muscles, placing them at a mechanical
disadvantage and reducing their efficiency. This can
lead to increased work of breathing and respiratory
muscle fatigue. Hypoxemia, a frequent consequence of
COPD, further compromises respiratory muscle
function. Adequate oxygen supply is essential for
muscle metabolism and energy production.
Hypoxemia reduces oxygen delivery to the muscles,
impairing their ability to contract and relax efficiently.
This can lead to muscle fatigue, weakness, and even
atrophy. LTOT, by improving oxygenation and
alleviating the burden on respiratory muscles, can
effectively enhance their performance and improve
overall respiratory function. Hypoxemia directly
impairs respiratory muscle function by reducing
oxygen delivery and ATP production, the cellular
energy currency. This energy deficit compromises the
ability of muscle fibers to contract and relax efficiently,
leading to muscle fatigue and weakness. LTOT, by
increasing the concentration of oxygen in the inhaled
air, enhances oxygen delivery to the respiratory
muscles. This improved oxygenation boosts

mitochondrial respiration, the primary source of ATP

production in cells, ensuring adequate energy supply
for muscle contraction and relaxation. Studies have
shown that LTOT can improve the contractility of
respiratory muscles, increasing their force-generating
capacity. This enhanced contractility allows for more
effective coughing and clearance of secretions,
reducing the risk of airway obstruction and infection.
LTOT can also reduce respiratory muscle fatigue,
improving their endurance and ability to sustain
breathing efforts. This is particularly important during
exacerbations when the demand on respiratory
muscles increases. Reduced muscle fatigue can
prevent respiratory failure and decrease the need for
mechanical ventilation. COPD patients often
experience an increased work of breathing due to
airflow obstruction and hyperinflation. This increased
workload can lead to respiratory muscle fatigue and
dyspnea, particularly during exertion. LTOT, by
improving oxygenation and reducing pulmonary
hypertension, can effectively decrease the work of
breathing, making it easier for patients to breathe and
reducing the strain on respiratory muscles. LTOT can
improve lung mechanics by reducing hyperinflation
and improving airflow. Reduced hyperinflation
decreases the stretch on respiratory muscles,
improving their mechanical advantage and efficiency.
Improved airflow reduces the resistance to breathing,
decreasing the workload on respiratory muscles. LTOT
can also reduce pulmonary hypertension, which can
indirectly decrease the work of breathing. Pulmonary
hypertension increases the resistance to blood flow
through the lungs, forcing the right ventricle to work
harder to pump blood. This increased workload on the
right ventricle can lead to right heart failure, which
can further compromise respiratory function. LTOT,
by reducing pulmonary hypertension, can alleviate the
strain on the right ventricle and improve overall
cardiopulmonary function. By reducing the work of
breathing, LTOT can improve exercise tolerance and
reduce dyspnea, allowing patients to engage in
physical activity more comfortably. This can improve
quality of life and enhance overall physical and mental

well-being. LTOT's beneficial effects on respiratory
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muscles extend beyond simply enhancing muscle
performance and reducing the work of breathing.
LTOT can reduce inflammation in the airways and
lung parenchyma, mitigating the damage caused by
inflammatory mediators to respiratory muscles. LTOT
can enhance MCC, reducing mucus plugging and
airway obstruction, which can further decrease the
workload on respiratory muscles. LTOT can improve
gas exchange, ensuring adequate oxygenation of

respiratory muscles and reducing the risk of fatigue.18-

20

5. Conclusion

This meta-analysis provides robust evidence that
LTOT significantly reduces the frequency of moderate
to severe COPD exacerbations, hospitalizations related
to exacerbations, and all-cause mortality in patients
with COPD and severe resting hypoxemia. These
findings support the use of LTOT in eligible COPD
patients to improve clinical outcomes and reduce the
burden of this debilitating disease. LTOT exerts its
beneficial effects through multiple mechanisms,
including correcting hypoxemia, reducing
inflammation, enhancing mucociliary clearance, and
improving respiratory muscle function. These
combined effects contribute to a more stable
respiratory system, less susceptible to infections and
inflammatory insults that trigger exacerbations.
Future research should focus on personalizing LTOT
prescription, exploring its impact on a broader range

of outcomes, and evaluating its long-term effects to

further optimize its use in COPD management.
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